1. Introduction {#sec1-ijms-20-05867}
===============

Rheumatic diseases are characterized by predominant inflammation (autoimmune arthritides) and/or tissue deterioration (e.g., systemic sclerosis). Osteoporosis (OP) is a hallmark of rheumatic diseases, and its prevalence is destined to grow in the next years given the ageing of rheumatic patients \[[@B1-ijms-20-05867]\]. Inflammation and immobility are among the principal pathways leading to bone loss in rheumatic diseases, but other metabolic mechanisms are involved in OP pathogenesis. These mechanisms have mostly been studied in postmenopausal OP and other rare monogenic skeletal diseases, but similar considerations can be made when dealing with inflammatory conditions. In particular, the receptor activator of the nuclear factor kappa-Β ligand (RANKL)/osteoprotegerin (OPG) and Wnt pathways are the principal regulators of bone remodeling \[[@B2-ijms-20-05867]\]. RANKL is a cytokine of the tumor necrosis factor (TNF) family and, with its decoy molecule OPG, regulates the activity of osteoclasts. RANKL has been shown to be essential for osteoclast maturation and development \[[@B3-ijms-20-05867]\]. In contrast, the Wnt/β-catenin pathway regulates osteoblast differentiation by activating the transcription of osteoblast-specific genes and acting as a major regulator of osteogenesis \[[@B2-ijms-20-05867]\]. Wnt inhibitors, Dickkopf-related protein 1 (Dkk-1), and sclerostin counteract the activity of the Wnt system by bonding with the Wnt transmembrane receptors, LRPs and Frizzled. In addition, Dkk-1 and sclerostin increases have been associated with the activation of osteoclasts. In rheumatic diseases, with specific exceptions that will be discussed later in the review, i.e., Wnt inhibitor and RANKL secretion, are intensified, resulting in deleterious effects for bone. Fortunately, clinicians can employ several antiosteoporotic medications that can effectively prevent OP fractures from occurring. OP drugs can be divided into antiresorptive agents (e.g., bisphosphonates and denosumab) and bone anabolic agents (e.g., teriparatide and abaloparatide). Romosozumab, a monoclonal antibody used against sclerostin, is a novel and recently-approved molecule which acts upon both bone resorption and bone formation \[[@B4-ijms-20-05867]\]. Anti-resorptive agents reduce the risk of fracture by inhibiting the activity of osteoclasts. Bisphosphonates can bind hydroxyapatite crystals and, when incorporated into the cytoplasm, lead to the death of the osteoclast by inhibiting enzymes in the mevalonate pathway \[[@B5-ijms-20-05867]\]. Denosumab, a RANKL inhibitor, is a potent inhibitor of bone resorption but, in contrast to bisphosphonates that can reside into the bone for years, has an on/off mechanism of action \[[@B6-ijms-20-05867]\]. Teriparatide and abaloparatide are analogs of the parathyroid hormone (PTH) whose intermittent use leads to osteoblast activation, and eventually, bone matrix deposition \[[@B7-ijms-20-05867]\]. In the present review, the pathophysiology of osteoporosis and its treatment in the context of rheumatic diseases is discussed.

2. Rheumatoid Arthritis {#sec2-ijms-20-05867}
=======================

Local and systemic bone loss are hallmarks of rheumatoid arthritis (RA) that result from the deterioration of both trabecular and cortical bone \[[@B8-ijms-20-05867],[@B9-ijms-20-05867]\]. The pathogenesis of bone loss at local and systemic levels predominantly involves inflammatory status, the release of cytokine and the production of autoantibodies. Systemic osteopenia occurs in the early stages of RA and, according to a recently-published study, even before the onset the disease \[[@B10-ijms-20-05867]\]. In RA-related osteoporosis (OP), the whole bone is affected, although cortical sites (i.e., femoral neck and distal radius) seem to be more susceptible to bone loss \[[@B11-ijms-20-05867]\]. Indeed, high-resolution peripheral quantitative computed tomography (HRpQCT) has indicated that RA patients have increased cortical porosity \[[@B12-ijms-20-05867],[@B13-ijms-20-05867]\] with reduced mechanical strength \[[@B14-ijms-20-05867]\], which results in a greater risk of fragility fractures compared with healthy controls \[[@B14-ijms-20-05867]\]. Inflammation in RA is mainly driven by augmented cytokine secretion, including TNF-α, Interleukin-6 (IL-6), and Interleukin-1 (IL-6). These cytokines can directly and indirectly activate osteoclasts, inducing bone loss. Moreover, inflammatory cytokines can halt osteoblast differentiation. In addition, inflammation can lead to osteoporosis through the systemic and local release of proteinases (metalloproteinases) that can directly degrade bone tissue. RANKL is one of the key cytokines involved in the pathogenesis of local and systemic bone loss in RA. In post-menopausal women with OP, the surface RANKL is expressed by osteoblasts and enhances osteoclast activity \[[@B15-ijms-20-05867]\]. In contrast, in RA patients, the principal source of RANKL is CD4+CD28- T cells, and in this setting, RANKL was shown to exert both a positive effect on osteoclastogenesis and detrimental effect on the development of osteoblasts \[[@B16-ijms-20-05867],[@B17-ijms-20-05867]\]. Dkk-1, a Wnt signaling inhibitor, is another major regulator of joint remodeling \[[@B18-ijms-20-05867]\] whose increase was associated with greater risk of OP and bone erosion in RA patients \[[@B19-ijms-20-05867]\]. According to a recent meta-analysis, Dkk-1 serum levels were significantly higher in RA compared to controls \[[@B20-ijms-20-05867]\]. Dkk-1 production is enhanced mainly by inflammatory cytokines, such as TNF \[[@B18-ijms-20-05867]\], but emerging evidence has shown that PTH can mediate part of the secretion of Dkk-1 \[[@B21-ijms-20-05867],[@B22-ijms-20-05867],[@B23-ijms-20-05867]\], especially in RA \[[@B19-ijms-20-05867]\]. The PTH-driven increase of Dkk-1 might explain, at least in part, the unfavorable outcome of RA patients with low-vitamin D status \[[@B24-ijms-20-05867],[@B25-ijms-20-05867],[@B26-ijms-20-05867]\]. Other independent factors associated with bone destruction in RA are autoantibodies against citrullinated proteins (ACPA) \[[@B27-ijms-20-05867],[@B28-ijms-20-05867]\]. ACPA positivity is related, in a titer-dependent manner, to systemic OP \[[@B29-ijms-20-05867],[@B30-ijms-20-05867]\], even before the clinical onset of RA \[[@B10-ijms-20-05867]\]. In addition, ACPA-positive RA patients showed precocious metacarpal periarticular osteopenia \[[@B31-ijms-20-05867]\] and, interestingly, ACPA-positive psoriatic arthritis (PsA) patients occasionally displayed a comparable periarticular bone loss that was not demonstrated in ACPA-negative PsA patients \[[@B32-ijms-20-05867]\]. All this evidence supports the hypothesis of the direct activation of osteoclasts by ACPA \[[@B27-ijms-20-05867]\].

OP can be found in 30 to 50% of RA patients \[[@B33-ijms-20-05867],[@B34-ijms-20-05867],[@B35-ijms-20-05867]\], and the risk of developing OP in RA was strongly associated with the duration and severity of the disease, as well as with the age and sex of the patients \[[@B11-ijms-20-05867],[@B36-ijms-20-05867]\]. Therefore, the risk of OP is higher in RA pre-menopausal women compared to age-matched healthy controls \[[@B37-ijms-20-05867]\]. Likewise, male individuals with RA have a two-fold increased risk of OP compared with controls \[[@B38-ijms-20-05867]\]. In addition, two meta-analyses showed a 60 to 100% higher risk of fracture in RA patients compared to healthy controls \[[@B39-ijms-20-05867],[@B40-ijms-20-05867]\]. Another meta-analysis, focused only on vertebral fractures, confirmed a similar two-fold increase in vertebral fracture risk in RA patients \[[@B41-ijms-20-05867]\]. However, despite these alarming data, only about 45% of RA patients are receiving calcium and vitamin D supplements \[[@B42-ijms-20-05867]\], and only 5.4% of RA patients who are not taking glucocorticoids (GCs) are using bisphosphonates \[[@B43-ijms-20-05867]\]. In addition, among a cohort of 11,669 RA patients followed for a decade, only 35% were prescribed OP specific drugs, and only half of the patients at high risk of fracture received any OP medication \[[@B44-ijms-20-05867]\].

GCs are widely used for the treatment of RA, and their efficacy in reducing inflammation is largely recognized \[[@B45-ijms-20-05867]\]. Nonetheless, GCs have proven harmful effects on bone health; fractures are the most important adverse events related to their use \[[@B46-ijms-20-05867],[@B47-ijms-20-05867],[@B48-ijms-20-05867],[@B49-ijms-20-05867],[@B50-ijms-20-05867],[@B51-ijms-20-05867]\]. Fracture incidence in newly-diagnosed RA patients exposed to GCs is twice as prevalent as it is among non-exposed patients \[[@B48-ijms-20-05867]\]. Despite this evidence on long-term, high-dose treatment with GCs, much controversy remains on the true harmfulness of short-term and low-dose glucocorticoid course in active RA. These controversies are largely based on the established benefits of GCs in controlling disease activity \[[@B45-ijms-20-05867]\]. In 1986, Sambrook and colleagues described a non-significant reduction of bone mineral density (BMD) in active RA patients treated with GCs compared with RA patients who did not received GCs, providing evidence on the safety of low-dose GCs in term of OP risk in RA \[[@B52-ijms-20-05867]\]. Additionally, a more recent meta-analysis of randomized, placebo-controlled trials on the effect of GCs on BMD in active and early RA demonstrated that patients treated with GCs did not experience a significant BMD change compared to patients in the placebo group \[[@B53-ijms-20-05867]\]. Another earlier meta-analysis showed that GCs were associated with a negative effect on lumbar spine but not hip BMD in RA patients \[[@B54-ijms-20-05867]\]. Furthermore, the latter meta-analysis showed that RA patients treated with GCs did not lose hand BMD compared to patients not on GCs \[[@B54-ijms-20-05867]\]. In conclusion, low-dose and short-term glucocorticoid treatment appears to be safe, at least in patients with early and active RA. Nevertheless, in 2016 a European League Against Rheumatisms (EULAR) task force recommended to systematically review, in all RA patient, the predisposing factors of OP, including glucocorticoid exposure, and, when applicable, to calculate 10-year risk of fracture with the fracture risk assessment algorithm (FRAX) \[[@B55-ijms-20-05867]\]. However, the most diffuse version of the FRAX is not able to discriminate between long- and short-term users or between high and low doses of steroids \[[@B56-ijms-20-05867]\], raising some concerns about the usefulness of FRAX in glucocorticoid-treated RA patients. For the latter reason, in many national guidelines on glucocorticoid-induced OP, FRAX is not included for the stratification of patient risk \[[@B57-ijms-20-05867],[@B58-ijms-20-05867],[@B59-ijms-20-05867]\], and in others, is included only in the glucocorticoid-adjusted version \[[@B60-ijms-20-05867],[@B61-ijms-20-05867]\].

Several studies have explored the efficacy of conventional disease modifying anti-rheumatic drugs (DMARDs) in the prevention of bone loss in RA patients, with controversial results \[[@B62-ijms-20-05867]\]. Overall, studies have found a possible small positive effect on bone density and metabolism, probably mediated by the reduction of inflammation \[[@B63-ijms-20-05867]\]. Some controversy also still remains regarding biological DMARDs and OP prevention in RA \[[@B64-ijms-20-05867],[@B65-ijms-20-05867],[@B66-ijms-20-05867]\]. TNF inhibitors were the first molecules studied in this field, with conflicting results in BMD and bone turnover markers (BTMs) \[[@B64-ijms-20-05867],[@B65-ijms-20-05867],[@B67-ijms-20-05867],[@B68-ijms-20-05867],[@B69-ijms-20-05867],[@B70-ijms-20-05867],[@B71-ijms-20-05867]\]. The variability of these results was probably related to the large number of confounding factors (such as vitamin D deficiency and corticosteroid therapy). A recently published study showed that TNF inhibitor use was associated with a significant, albeit small, vertebral fracture risk reduction in RA patients \[[@B72-ijms-20-05867]\]. IL-6 inhibitors and abatacept showed encouraging results in preventing bone loss in RA, achieving better results on BMD than TNF inhibitors, especially at periarticular sites and in ACPA-positive patients \[[@B64-ijms-20-05867],[@B73-ijms-20-05867],[@B74-ijms-20-05867]\]. Indeed, these promising results might be explained by the reduction of osteoclasts-activating antibodies \[[@B27-ijms-20-05867]\]. However, a recently-published study on a small number of RA patients showed that 12 months' treatment with Rituximab, a B-cell depleting treatment, induced a reduction in femoral neck BMD despite the improvement of disease activity \[[@B75-ijms-20-05867]\]. The latter finding was particularly evident in vitamin-D-deficient patients, in line with the results of a previously-published study on TNF inhibitors \[[@B68-ijms-20-05867]\].

Bisphosphonates are the most commonly prescribed medications for post-menopausal OP. Bisphosphonates have proven efficacy on fractures prevention \[[@B76-ijms-20-05867]\], and have an acceptable safety profile \[[@B77-ijms-20-05867]\]. The evidence of the efficacy of bisphosphonates in the treatment of OP in RA patients largely comes from the extrapolation of data from glucocorticoid-induced OP clinical trials \[[@B78-ijms-20-05867],[@B79-ijms-20-05867],[@B80-ijms-20-05867],[@B81-ijms-20-05867]\]. RA represented the most frequent glucocorticoid requiring disease in these trials; the proportion of patients affected by RA ranged between 27 to 44% of the individuals enrolled \[[@B51-ijms-20-05867]\]. Overall, these trials demonstrated the efficacy of bisphosphonates in terms of the prevention and treatment of glucocorticoid-induced OP in RA subpopulations. Moreover, zoledronic acid, a potent intravenous amino-bisphosphonate, appeared to offer protection from the development and progression of structural damage in RA when used together with methotrexate \[[@B82-ijms-20-05867]\], and it has been recently hypothesized that it plays the role of amino-bisphosphonates in reducing circulating γδ T cells and controlling inflammation in RA \[[@B83-ijms-20-05867]\]. Denosumab is a human monoclonal antibody against RANKL with a proven efficacy in preventing fractures in post-menopausal OP \[[@B84-ijms-20-05867]\] and increasing BMD in glucocorticoid-induced OP \[[@B85-ijms-20-05867]\]. Furthermore, denosumab has been shown to reduce cortical porosity and increase mechanical strength in both post-menopausal women and RA patients \[[@B86-ijms-20-05867],[@B87-ijms-20-05867]\]. For the latter reason, there has been a growing interest regarding the use of denosumab in the treatment of RA \[[@B88-ijms-20-05867]\]. In 2008, the Denosumab Rheumatoid Arthritis Study Group conducted a phase-II trial on the effects of denosumab on structural damage, BMD, and bone turnover in RA patients \[[@B89-ijms-20-05867]\]. BMD increased from baseline by 3.0% at the lumbar spine and 1.6% at total hip (significantly more than the placebo). In the same trail, Denosumab, added to methotrexate, significantly inhibited bone erosion progression at 6 and 12 months of follow-up. In 2016, another clinical trial further validated the positive effect of denosumab in terms of bone erosion prevention in RA \[[@B90-ijms-20-05867]\]. Moreover, in RA patients with OP, switching from oral bisphosphonates to denosumab resulted in a substantially lower progression of bone erosion compared to continuing bisphosphonates \[[@B91-ijms-20-05867]\]. Interestingly, switching from bisphosphonates to teriparatide in RA resulted in the progression of bone erosion \[[@B91-ijms-20-05867]\]. This outcome was somehow anticipated by a recently published placebo-controlled clinical trial on the efficacy of teriparatide in preventing bone erosions \[[@B92-ijms-20-05867]\]. As a matter of fact, teriparatide has a detrimental effect on cortical bone in the short term \[[@B93-ijms-20-05867]\], especially when switching from an antiresorptive treatment \[[@B94-ijms-20-05867],[@B95-ijms-20-05867]\], and has been shown to amplify the negative effect of Dkk-1 \[[@B19-ijms-20-05867],[@B21-ijms-20-05867]\]. Thus, the null effect of teriparatide on bone erosion was not surprising \[[@B96-ijms-20-05867]\]. Nevertheless, teriparatide was shown to be extraordinarily effective in the treatment of glucocorticoid-induced OP \[[@B97-ijms-20-05867]\] and, according to many international guidelines, should be the treatment of choice for patients at higher risk of fractures \[[@B59-ijms-20-05867],[@B60-ijms-20-05867],[@B61-ijms-20-05867]\].

3. Spondyloarthritis and Psoriatic Arthritis {#sec3-ijms-20-05867}
============================================

Pathological bone formation is one of the hallmarks of spondyloarthritis (SpA), including psoriatic arthritis (PsA) \[[@B98-ijms-20-05867]\]. In long-term axial-SpA (ax-SpA), progressive ankylosis can develop and strongly contribute to the burden of the disease and resulting disability \[[@B99-ijms-20-05867]\]. At the same time, OP and low BMD were shown to coexist and to represent a major comorbidity \[[@B100-ijms-20-05867]\]. It is now known that inflammation at the spine can lead to local bone loss with increased risk of fracture, especially at the sites affected by bone marrow edema (BME)/osteitis \[[@B101-ijms-20-05867],[@B102-ijms-20-05867]\]. In SpA, in contrast to inflammatory diseases (i.e., RA), GCs are less frequently used. The patient phenotype affected by bone loss seems to differ as well, since it has been reported to occur even in unexpected populations, such as in young males \[[@B103-ijms-20-05867],[@B104-ijms-20-05867]\].

In the past, OP in SpA has been related with immobilization, due to the association between its severity, disease duration, and the radiographic scores of ankylosis \[[@B105-ijms-20-05867]\]. However, this explanation seems to be incomplete, and bone loss was reported to be an early event in the course of the disease \[[@B106-ijms-20-05867],[@B107-ijms-20-05867]\]. Indeed, spinal inflammation leads to trabecular bone loss and increased fracture risk. The presence of MRI lesions defined as BME/osteitis was reported to increase fivefold the risk of having a low spine BMD, and was also shown to be the single best determinant of low hip BMD \[[@B102-ijms-20-05867]\]. The close relationship between BME and low BMD has been confirmed also in ax-SpA without radiographical involvement \[[@B108-ijms-20-05867]\], once again supporting the earliness of this process. Another factor that was directly associated with osteoporosis and, at the same time, with spinal inflammation, is Dkk-1, a Wnt inhibitor \[[@B109-ijms-20-05867]\]. To date, the available studies on the prevalence of vertebral fractures in patients with SpA show are quite heterogeneous \[[@B103-ijms-20-05867]\], due to large differences in the examined populations and difficulties in their diagnosis \[[@B110-ijms-20-05867],[@B111-ijms-20-05867],[@B112-ijms-20-05867]\]. The prevalence of VF in patients with SpA was reported to be from 0--4% to as high as 30--40% \[[@B112-ijms-20-05867],[@B113-ijms-20-05867]\], with a greater risk (from threefold to sevenfold) than in the general population \[[@B104-ijms-20-05867],[@B114-ijms-20-05867]\]. To complicate the picture, the definition of vertebral fracture also greatly varies across the studies \[[@B100-ijms-20-05867],[@B112-ijms-20-05867]\]. In addition, treatment with TNF inhibitors has been associated with improved BMD but not with reduced incidence of vertebral fractures \[[@B115-ijms-20-05867]\]. A recent meta-analysis confirmed these data, showing a range of 11.7 to 34.4%, 11.6 to 19.1%, and 6.4 to 16.8% for total OP, lumbar spine, and femoral neck OP measured by Dual-energy X-ray Absorptiometry (DXA), respectively \[[@B116-ijms-20-05867]\]. In the same analysis, the prevalence of fracture ranged from 11% to 24.6%, with a high grade of heterogeneity for all outcomes \[[@B116-ijms-20-05867]\].

When dealing with PsA, a study published in 2017 documented an elevated risk for incident fracture: 1.16 (95% CI 1.06--1.27) \[[@B117-ijms-20-05867]\]. In the same study, patients with mild psoriasis were reported to be at similar risk for vertebral fractures, or at an even higher risk when patients with severe psoriasis were considered (mild psoriasis 1.07, 95% Confidence Interval \[CI\] 1.05--1.10, and severe psoriasis Hazard Ratio \[HR\] 1.26, 95 CI 1.15--1.39) \[[@B117-ijms-20-05867]\].

To date, few studies have investigated the pathophysiology of bone loss in SpA. Unsurprisingly, the parameters of systemic inflammation (i.e., increase in the C-reactive protein) have also been associated with low BMD \[[@B107-ijms-20-05867]\]. The role of systemic inflammation as a determinant for generalized bone loss is also supported by the demonstration of low cortical BMD, and the area and thickness measured by HRpQCT \[[@B118-ijms-20-05867]\]; once again, this process was reported as an early event.

Genetic factors may play a role as well. Transgenic (TG) HLA B27 rats were shown to have lower mineral/matrix ratios and higher relative proteoglycan and advanced glycation end product compared to wild type \[[@B119-ijms-20-05867]\], features that are associated with impaired bone-material properties.

A study on a similar model of TG HLA B27 rats also showed a higher loss of bone density and strength with progressing age \[[@B120-ijms-20-05867]\]. This was also associated with increased bone remodeling in favor of bone resorption, as shown by a larger number of osteoclastic precursors in the bone marrow and a stronger osteoclastogenic response to RANKL or TNFα \[[@B120-ijms-20-05867]\]. In a cohort of patients affected by SpA, dysregulation in the RANKL-RANK pathway was documented, with increased serum concentrations of RANKL (and higher expression of intracellular RANKL in CD4+ and CD8+ T cells) \[[@B121-ijms-20-05867]\]. Furthermore, autoantibodies to OPG were dosed in a cohort of patients with SpA, and were shown to be associated with low hip BMD and fractures \[[@B122-ijms-20-05867]\].

Overall, all these data seem to support the hypothesis that inflammation in SpA might be detrimental on bone health in two different ways: first, by causing generalized bone loss due to systemic negative effects (similar to what happens in other conditions such as psoriasis or inflammatory bowel diseases \[[@B123-ijms-20-05867]\]), and second by locally affecting the sites involved in BME/osteitis.

To date, no double-blind, randomized clinical trial with antiresorptive or osteoanabolic agents has been conducted in the SpA population; therefore, the same recommendations for the treatment and management of postmenopausal and male OP are applied to the SpA population.

The effects of neridronate (an intravenous N-bisphosphonate with high skeletal affinity) have been investigated in terms of disease activity in an open-label study vs infliximab (a TNF inhibitor approved for the treatment of SpA) in patients affected by ankylosing spondylitis (AS) \[[@B124-ijms-20-05867]\]. Neridronate was successful at reducing disease activity with additional benefits on BMD changes in the lumbar spine \[[@B124-ijms-20-05867]\]. Another study on pamidronate (another intravenous bisphosphonate) vs golimumab (a TNF inhibitor approved for the treatment of SpA) showed similar improvements in the Bath Ankylosing Spondylitis Disease Activity Index (BASDAI) in the two groups, but with improvement in the Bath Ankylosing Spondylitis Functional Index (BASFI) and on MRI data on axial inflammation (evaluated according to Spondyloarthritis Research Consortium of Canada scoring system) being limited to the golimumab group \[[@B125-ijms-20-05867]\].

Given the key role of inflammation and bone loss, anti-inflammatory drugs are expected to have a beneficial effect on bone. However, data on non-steroidal anti-inflammatory drugs (NSAIDs) are limited.

In a primary-care-based, nested case control study, the risk of any clinical fracture was decreased in patients with SpA taking NSAIDs \[[@B114-ijms-20-05867]\]. In addition, data from a large population-based public health database support the protective role of NSAIDs on the risk of clinical fractures in patients with SpA, with an observed increased risk of fractures apparent only in those not on chronic NSAIDs \[[@B126-ijms-20-05867]\].

When dealing with anti-TNF drugs, several meta-analyses have reported benefits in terms of BMD in patients with AS and PsA \[[@B127-ijms-20-05867],[@B128-ijms-20-05867],[@B129-ijms-20-05867]\], but data on modifications of fracture incidence are still lacking.

In conclusion, bone loss is a relevant comorbidity factor in SpA patients, and must not be overlooked. Future studies on the possible benefits of osteoactive and anti-inflammatory agents (synthetic and biologic) in SpA patients need to focus on clinical and fracture outcomes in order to improve the treatment and management of this condition.

4. Systemic Lupus Erythematosus {#sec4-ijms-20-05867}
===============================

Systemic Lupus Erythematosus (SLE) is a chronic autoimmune connective tissue disease that has a complex pathophysiology and a wide spectrum of clinical manifestations affecting potentially every tissue and system of the body \[[@B130-ijms-20-05867]\]. Bone tissue is among them, and many factors linked to the disease and its treatment could exert a detrimental effect on it \[[@B131-ijms-20-05867]\]. Moreover, bone is affected both at joint site, as erosions, and at a systemic level, with OP and fragility fractures \[[@B131-ijms-20-05867],[@B132-ijms-20-05867]\]; in this section, we will focus on the latter.

OP and fracture risk in SLE are often underestimated and undertreated, especially if compared to RA, where they are better recognized as comorbidities. The last EULAR recommendations for SLE management took into consideration comorbidities such cardiovascular and infective risk, but they still did not mention OP evaluation and management \[[@B133-ijms-20-05867],[@B134-ijms-20-05867]\].

An increased risk of fracture was reported by large population studies. Tedeschi et al. recently reported a three-fold increased risk of fracture among a population of 47,709 SLE patients, which was only partially attenuated by the correction for glucocorticoid use and dosage \[[@B135-ijms-20-05867]\]. These results are similar to what was reported by Wang et al. on 14,544 SLE patients in whom fracture risk was twice that of matched controls. Moreover, those studies identified a higher fracture risk in young SLE patients compared to a healthy matched control. A British study on 7732 SLE patients reported an incidence rate ratio for OP 2.5 times higher than in controls \[[@B136-ijms-20-05867]\].

The pathophysiology of bone loss in SLE is complex and multifactorial, accounting for traditional disease-related factors and treatment-related factors \[[@B131-ijms-20-05867]\]. Osteoimmunology studies in inflammatory rheumatic disease demonstrated a strong influence of the immune system on bone cells like osteoblast, osteoclasts, and osteocytes. The effect of a disrupted inflammatory status, mainly driven by IL-1, IL-6, IL-17, and TNFalpha, is generally to stimulate osteoclast differentiation and activity on one hand, and to inhibit osteoblast activity on the other \[[@B16-ijms-20-05867],[@B137-ijms-20-05867]\]. Those effects involve important pathways such as the Wnt system and the RANK-RANKL-OPG axis \[[@B18-ijms-20-05867],[@B138-ijms-20-05867]\]. Polymorphism in RANKL and OPG genes was associated with increased vertebral fracture risk in premenopausal SLE patients \[[@B139-ijms-20-05867]\].

SLE arthritis was shown in recent years to be much more erosive than described in the past, thanks to more detailed radiological techniques. Besides a low percentage of ACPA-positive patients with an RA overlap form, a significant number of SLE patients with erosive arthritis were reported to be positive for anticarbamilated protein antibodies (antiCarP) \[[@B140-ijms-20-05867]\]. These antibodies were also found in RA and correlated to systemic bone loss as ACPA \[[@B141-ijms-20-05867]\].

Another important factor is the metabolic one, especially the vitamin D and PTH axis. SLE patients are at increased risk of impairment of this system. All SLE patient are instructed to avoid sunlight and to use broad spectrum sunscreens \[[@B133-ijms-20-05867],[@B142-ijms-20-05867]\]; these restrictions limits endogenous vitamin D production, reducing the circulating level of 25OH vitamin D. Moreover, patients with nephritis may have also a deficit of 1-25 hydroxylation of vitamin D, developing secondary hyperparathyroidism with decreased intestinal calcium absorption. A small study on juvenile SLE detected a low BMD in 15% of the population at the onset of the disease, the the authors found an association between low BMD and low serum levels of calcium and high serum levels of PTH \[[@B143-ijms-20-05867]\]. Another study on adolescents with SLE reported that decreased BMD was associated with the absence of vitamin D supplementation \[[@B144-ijms-20-05867]\]. A study published in 2007 on SLE adults also underlined an association between impaired renal function and low bone mass, but without evaluation of calcium metabolism \[[@B145-ijms-20-05867]\]. Several studies, both cross-sectional and longitudinal, have indicated that vitamin D deficiency is prevalent among SLE patients, and that it is a risk factor for bone mass loss \[[@B146-ijms-20-05867],[@B147-ijms-20-05867]\].

Sex hormones are a cornerstone for bone health, and their alteration is the basis of postmenopausal OP and age-related bone loss. Serum levels of dehydroandrostenedione (DHEA), a marker of adrenal androgen status, progressively decline from the third decade, accounting for age-related bone loss in the general population \[[@B148-ijms-20-05867]\]. DHEA was described to be lower in SLE patients compared to control and in active SLE compared to quiescent \[[@B149-ijms-20-05867]\]; moreover, lower levels have been associated with lower BMD in premenopausal SLE patients \[[@B150-ijms-20-05867]\]. Medication can also influence hormonal levels. In particular, a high dose regimen of cyclophosphamide (an alkylating agent used for the treatment of cancer and autoimmune diseases) is associated with ovarian insufficiency, causing a premature beginning of menopause \[[@B151-ijms-20-05867]\].

The prevalence of osteopenia was reported in a range from 25 to 74% of SLE patients, whereas OP from 1.4 to 68% \[[@B131-ijms-20-05867]\]. The prevalence is variable, and depends on the type of population according to age, treatment, organ involvement, ongoing OP treatments, and notably, the definition of bone involvement. For example, in younger patients with secondary OP, the Z-score is much more accurate than T-score, although not all studies have made this distinction \[[@B152-ijms-20-05867]\]. This variety is even more true for the prevalence of fractures, especially for vertebral ones, since vertebral fractures remain undetected due to a paucity of symptoms if not investigated properly with a screening technique such as vertebral morphometry. For the aforementioned reasons, it is important to consider the common young age of onset and the chronicity of the disease. In fact, low BMD and fragility vertebral fractures are present also in the pediatric population and premenopausal females, already in the early stages of the disease \[[@B143-ijms-20-05867],[@B144-ijms-20-05867]\].

Bone turnover markers are used as surrogate outcomes of bone health in different contexts. For example, another study demonstrated that untreated, premenopausal SLE patients exhibited decreased levels of osteocalcin (a bone formation marker) and increased levels of C-terminal telopeptide of type-1 collagen (CTX, a bone resorption marker). Moreover, two other studies reported a similar observation on osteocalcin with, in addition, a correlation with disease activity; however, only one of them found an association between high levels of CTX and disease activity \[[@B153-ijms-20-05867]\]. Lower P1NP levels were associated with a decline in BMD in premenopausal SLE patients. These changes in bone turnover markers could reflect the aforementioned effects of inflammation and other factors on bone turnover.

Other interesting data came from HRpQCT studies that have the advantage of being able to obtain precise information on cortical and trabecular bone selectively, not only data on density, but also on the microarchitecture of bone tissue. A few studies have investigated this novel technique, with most concluding that the impairment of cortical bone and, to a lesser extent, trabecular bone, is, in large part, linked to glucocorticoid use and disease activity. Juvenile SLE (jSLE) patients displayed prominent impairment of trabecular bone with low bone mass, without catch-up growth over time \[[@B154-ijms-20-05867]\]. This impairment caused a reduction in bone mass peak, with a higher risk of OP in early adulthood \[[@B154-ijms-20-05867]\]. Another study on jSLE described a reduction of the pQCT parameters of both trabecular and cortical bone, with a particular trabecular defect in those patients with vertebral fractures (12 out of 66 pediatric patients) \[[@B155-ijms-20-05867]\].

Several studies and a few meta-analyses have studied the risk factors for OP and fragility fractures in SLE patients with conflicting results, at least partially, due to the presence of confounding variables (e.g., disease activity and type/intensity of treatment heterogeneity of disease manifestations in SLE, or of treatment protocol and outcome assessments). Studies are inconsistent regarding the correlation between disease activity and bone loss in SLE \[[@B145-ijms-20-05867],[@B156-ijms-20-05867],[@B157-ijms-20-05867]\]. Studies failed to find an association that would, conversely, be better underlined by an association with SDI (index of damage) \[[@B155-ijms-20-05867],[@B157-ijms-20-05867],[@B158-ijms-20-05867]\]. A Chinese study was able to find a correlation between BMD and the number of flares over a five-year period; this could be more reliable, considering the fluctuating nature of SLE activity \[[@B159-ijms-20-05867]\]. On the other hand, studies reporting an association with damage score were influenced by the presence of fractures in the scoring system \[[@B155-ijms-20-05867]\]. Moreover, some controversy exists around GCs \[[@B49-ijms-20-05867],[@B50-ijms-20-05867]\]; even though a number of studies have reported them as risk factor for bone loss and fracture, a recent metaregression analysis failed to confirm an association between GC use and low BMD \[[@B160-ijms-20-05867]\], in contrast with what was reported by Jacobs et al. in patients, assuming less than 7.5 mg/day \[[@B147-ijms-20-05867]\].

A hallmark of SLE treatment is hydroxychloroquine (HCQ), which has a variety of properties; nevertheless, data on bone health are controversial. Two cross-sectional studies on female SLE patients reported higher lumbar and hip BMD among HCQ users compared to non-users \[[@B157-ijms-20-05867],[@B161-ijms-20-05867]\]. In contrast, a six-year Dutch study showed a slight decrease in BMD with a positive association between hip BMD loss and HCQ exposure \[[@B147-ijms-20-05867]\]. A similar Chinese study did not report any significant effect of HCQ on bone density \[[@B159-ijms-20-05867]\]. It must be said that all these studies had quite small populations, with small BMD changes being observed over the time; additionally, not all possible confounders were evaluated, leading to weak conclusions on HCQ effect. A more recent paper by Cramarossa et al. on a much larger population but with a cross sectional design did not find any association between BMD and antimalarials \[[@B158-ijms-20-05867]\].

The role of immunosuppressants is controversial, given that their use usually indicates the presence of a more severe form of SLE, making it difficult to clearly determine their role on bone. For example, one study associated cyclophosphamide use with greater risk of femoral neck fractures \[[@B162-ijms-20-05867]\]. SLE patients on mofetil micofenolate (MMF, an immunosuppressant agent that inhibits inosine-5′-monophosphate dehydrogenase \[IMPDH\]) displayed normal osteoclastogenesis compared to SLE patient not taking MMF, showing a lower number of osteoclasts even if both populations exhibited similar serum RANKL levels \[[@B163-ijms-20-05867]\]. The clinical meaning of this observation is not yet clear. Moreover, the cross-sectional study by Cramarossa on a large cohort of SLE patients failed to find a correlation between immunosuppressor use and BMD \[[@B158-ijms-20-05867]\].

These data proved that OP and fragility fractures are a not rare complications of SLE, but rather, that they contribute substantially to disability and morbidity burden. Of interest, the management of hypertension and OP was proven to ameliorate organ damage accrual in SLE patients.

In conclusion, SLE patients must be screened for OP and for the presence of prevalent vertebral fracture. Risk factors must be corrected when possible, glucocorticoid use must be minimized, and vitamin D and calcium must be prescribed together with antiresorptives drugs when indicated, even in premenopausal women. It also must be considered that most of the present risk tools underestimate the risk in SLE patients, especially in premenopausal females and jSLE \[[@B49-ijms-20-05867],[@B50-ijms-20-05867]\].

5. Systemic Sclerosis {#sec5-ijms-20-05867}
=====================

Systemic sclerosis (SSc) is a connective tissue disease characterized by tissue fibrosis and microvascular involvement. Since it affects many organs and systems, OP has been hypothesized to be more frequent in this setting compared to the general population. Unfortunately, different methods have been used to report low bone mineral density, namely BMD expressed as g/cm^2^ or T- or Z-scores, so a definite prevalence of OP could not be given. In addition, SSc is a proteiform disease; thus, different study cohorts might have different characteristics. Nevertheless, some studies \[[@B164-ijms-20-05867],[@B165-ijms-20-05867],[@B166-ijms-20-05867],[@B167-ijms-20-05867],[@B168-ijms-20-05867],[@B169-ijms-20-05867],[@B170-ijms-20-05867],[@B171-ijms-20-05867],[@B172-ijms-20-05867],[@B173-ijms-20-05867],[@B174-ijms-20-05867]\] have tried to evaluate OP prevalence, leading to the conclusion that SSc patients are at increased risk of OP. For example, one of the largest cohorts in the literature observed a prevalence of OP of 23.6% (CI 95%: 16.1--33.0%) \[[@B174-ijms-20-05867]\]. In addition, the mean Z-score was significantly lower than 0, indicating a reduced bone density as compared to sex- and age-matched healthy subjects \[[@B174-ijms-20-05867]\].

One of the possible reasons for the increased prevalence is that there are some OP risk factors that could be more frequent in SSc patients compared to the general population, namely, malabsorption secondary to gastro-intestinal involvement eventually leading to low weight, premature ovarian failure related to cyclophosphamide administration \[[@B167-ijms-20-05867]\], hypothyroidism, which is a common feature associated with SSc \[[@B175-ijms-20-05867],[@B176-ijms-20-05867]\], and systemic GCs; however, these medications are less frequently used than in other rheumatic disease such as arthritides. In addition, it was reported that SSc patients had significantly lower vitamin D levels compared to the general population \[[@B177-ijms-20-05867],[@B178-ijms-20-05867],[@B179-ijms-20-05867]\]. Furthermore, it was hypothesized that supplementation may be less effective in this setting \[[@B180-ijms-20-05867],[@B181-ijms-20-05867]\]. The data on specific disease characteristics being risk factors for OP are somewhat contrasting, with some studies finding a correlation with a longer disease duration or a diffuse pattern and others not \[[@B169-ijms-20-05867],[@B171-ijms-20-05867],[@B174-ijms-20-05867]\]. There are many reasons for these controversies, such as different frequencies of treatment with steroids or vitamin D supplementation, different sample sizes, different methods to asses bone loss (BMD or T-score instead of the more reliable Z-scores in younger patients), or non-thorough evaluations of possible confounders (such as BMI).

When studying bone turnover markers in SSc, one should keep in mind that some of them are also involved in its pathogenesis. For example, the Wnt system has a well-known role in both fibrosis \[[@B182-ijms-20-05867]\] and bone metabolism \[[@B183-ijms-20-05867]\]; therefore, studying it in SSc is not easy, and possibly leads to conflicting results, as for Dkk-1. In fact, Ruaro et al. \[[@B184-ijms-20-05867]\] found a correlation between elevated Dkk-1 and low Trabecular Bone Score (TBS), while Taylan \[[@B185-ijms-20-05867]\] found a similar correlation with mRSS but not with BMD. Regarding the Wnt system, it is worth noting that it is strongly involved with low BMI-related OP \[[@B186-ijms-20-05867]\], and in a previous study \[[@B174-ijms-20-05867]\], a strong correlation was found between low BMI and OP. In contrast, data on the RANK-RANKL system are more concordant. In SSc patients higher serum levels of RANKL were found compared to a control group, while OPG levels were similar \[[@B185-ijms-20-05867],[@B187-ijms-20-05867]\]. Interestingly, TRIAL, a ligand of OPG, also with vascular protection properties \[[@B188-ijms-20-05867]\], has been found to be higher in SSc compared to the general population \[[@B185-ijms-20-05867]\], suggesting a possible link between microvascular damage and bone loss.

Fewer data are available for mineral quality. Koumakis et al. \[[@B189-ijms-20-05867]\] and Ruaro et al. \[[@B184-ijms-20-05867]\] evaluated TBS in SSc, showing that patients had lower values compared to controls but similar to RA patients. Interestingly, Ruaro et al. showed that TBS was lower in patients with active or late videocapillaroscopy patterns. More expected was the correlation between GC treatment and low TBS, as shown by Koumakis, and between low TBS and a positive history of vertebral fractures, presented by Ruaro and colleagues.

Finally, data on fractures are limited to vertebral fractures and are quite variable, with a prevalence ranging between less than 15% \[[@B174-ijms-20-05867],[@B190-ijms-20-05867]\] and up to 24--25% \[[@B191-ijms-20-05867],[@B192-ijms-20-05867]\]. Interestingly, the majority of fractures involve the thoracic spine, but no effect on lung function was found \[[@B174-ijms-20-05867]\].

6. Vasculitides {#sec6-ijms-20-05867}
===============

Osteoporosis in systemic vasculitides may occur secondary to the underlying vasculitis or treatment of the disease. Few data on osteoporosis and fracture risk are available for large and small vessel vasculitides.

Giant cell arteritis (GCA) is the most common systemic vasculitis among the elderly. Osteoporosis was present in 16% of GCA patients at study entry in a prospective, multicenter, longitudinal study that assessed damage accrual during time \[[@B193-ijms-20-05867]\]. Moreover, GCs are still the mainstay of treatment of GCA. Hence, GCs-induced OP is a common comorbidity in patients with GCA. Clinical guidelines for GCA management suggest bone protection (bisphosphonate with calcium and vitamin D supplementation) for all patients \[[@B194-ijms-20-05867]\]. A retrospective cohort study based in the UK calculated an incidence rate of fracture of 147.15 (132.91--162.91) in GCA per 10,000 person--years. Risk of fracture was increased by 67% (1.67, 1.49--1.88) compared to the control populations. However, among GCA patients with at least two prescriptions of GCs, only 10.1% were prescribed bisphosphonates \[[@B195-ijms-20-05867]\].

Antineutrophil cytoplasmic antibody-associated vasculitis is a relapsing-remitting disease that has been shown to be associated with osteoporosis. A population-based cohort of patients with ANCA-associated vasculitides diagnosed between 1998 and 2010 in Southern Sweden was used to calculate the rate ratios for comorbidities compared with a reference population. The highest ratios were obtained for osteoporosis (4.6, 95% CI 3.0--7.0) \[[@B196-ijms-20-05867]\]. Boomsa et al. demonstrated that among 99 patients with AAV, 57% percent had osteopenia, and 21% had osteoporosis at least at one site. Cumulative doses of GCs were significantly associated with bone loss at the spine and femur \[[@B197-ijms-20-05867]\].

In addition, osteoporosis can be a long-term consequence of treatment in patients with AAV. In a prospective randomized trial by the French Vasculitis Study Group, 118 patients with polyarteritis nodosa or microscopic polyangiitis without poor-prognosis factors were assessed. At the last follow-up visit (mean 98.2 ± 41.9 months), the most frequent sequelae were peripheral neuropathy, hypertension, and osteoporosis in 16% of patients \[[@B198-ijms-20-05867]\]. Long-term (up to 7 years) follow-up data available for patients from four combined European vasculitis study group trials demonstrated that patients with AAV develop osteoporosis over time, and osteoporosis was reported in 14.1% of the enrolled subjects (95% CI 9.9 to 18.2%) \[[@B199-ijms-20-05867]\].

7. Sjogren Syndrome {#sec7-ijms-20-05867}
===================

Studies that evaluated BMD in primary Sjogren Syndrome (pSS) are scarce. One small study of 128 Chinese patients with pSS (86 post-menopausal) found osteopenia in 32.8% and osteoporosis in 51.6%. Only 6 patients had a history of fragility fracture \[[@B200-ijms-20-05867]\]. Another retrospective study conducted in Taiwan recruited RA, SLE, and pSS patients undergoing bone mineral density DXA scans. Among the 118 patients with pSS, the cumulative incidence of osteoporotic fractures was 29.2%. The mean estimated 10-year risk of fragility fractures using FRAX tool varied between 4.6% for femoral fracture and 19.3% for major. The authors also argued that FRAX, either with or without BMD measurement, underestimates the fracture risk in pSS patients, even after stratification by age and glucocorticoid treatment \[[@B201-ijms-20-05867]\].

8. Crystal-Induced Arthritides {#sec8-ijms-20-05867}
==============================

Crystal-induced arthritides are inflammatory joint diseases caused by the deposition of crystals within the joints. They are characterized by acute episodes of inflammation in joints, mainly driven by proinflammatory cytokines such as interleukin (IL)-1 and IL-6. Prior studies suggest an association between osteoporosis, systemic inflammation, and proinflammatory cytokines.

Calcium pyrophosphate deposition disease (CPDD) is a common cause of acute and chronic crystal-induced arthritis, but evidence in the literature of the association with osteoporosis is scarce. In the largest epidemiologic study of 25,157 patients with CPDD from the Department of VA Corporate Data Warehouse, a positive, albeit modest, association with osteoporosis was found (OR 1.26 \[95% CI 1.16--1.36\]) \[[@B202-ijms-20-05867]\].

Likewise, it remains unclear whether gout is associated with osteoporosis, or it affects fracture risk. Gout is the among the most common crystal-induced arthritides, and is characterized by hyperuricemia, leading to crystallization of serum uric acid (sUA) in joints and tendons, resulting in systemic inflammation with oxidative stress and bone micro-inflammation. Nevertheless, sUA might have a protective effect on BMD \[[@B203-ijms-20-05867],[@B204-ijms-20-05867],[@B205-ijms-20-05867],[@B206-ijms-20-05867]\]. Indeed, Mendelian randomization analyses did not support a causal effect of sUA on low BMD \[[@B207-ijms-20-05867],[@B208-ijms-20-05867]\].

A nationwide, population-based, retrospective, matched-cohort study in Taiwan compared two matched cohorts (n = 36,458 with gout and 71,602 without) recruited from the Longitudinal Health Insurance Dataset. Incidence ratio for osteoporosis were calculated, excluding participants with osteoporosis before study entry and controlling for several confounders, in particular glucocorticoid use, allopurinol exposure, and other comorbidities. This study further supports the hypothesis that patients with gout have a modestly-increased risk of developing osteoporosis compared to individuals without the disease \[[@B209-ijms-20-05867]\].

However, there is not convincing evidence that gout is associated with increased risk of fractures. Data from a US commercial health plan (2004--2013) on 73,202 gout and 219,606 non-gout patients, matched by age, sex, and date of study entry calculated an adjusted hazard ratio (HR) of 0.98 (95% confidence interval \[CI\] 0.85--1.12) for non-vertebral fracture and 0.83 (95% CI 0.65--1.07) for hip fracture in gout versus non-gout. Moreover, subgroup analyses showed no association between baseline sUA and non-vertebral fracture (HR = 1.03, 95% CI 0.93--1.15), adjusted for age, sex, comorbidity score, and number of prescription drugs, which was confirmed also among patients with gout \[[@B210-ijms-20-05867]\].

In summary, since quality evidence is lacking, further studies investigating the association between gout, hyperuricemia, and osteoporosis are urgently needed.

9. Conclusions {#sec9-ijms-20-05867}
==============

Rheumatic diseases represent a wide spectrum of conditions characterized by the inflammation and destruction of various structures of the body. Bone tissue is commonly involved in many rheumatic diseases, and osteoporosis represents the most frequent bone disease in rheumatic conditions. Rheumatologists and general practitioners should be aware of the increased risk of OP in rheumatic patients, especially because patients affected by rheumatic diseases have access to several anti-osteoporotic medications with proven efficacy and safety. However, the selection of the correct anti-osteoporotic treatment should be made on a case-by-case basis, taking into consideration the severity of OP and the underlying condition that is causing it.
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